Wireless microdevices are widely adopted in Radio-frequency Identification (RFID), Wireless Sensor Networks (WSN), Internet of Things (IoT). Among them, passive devices have a special place, since they haven't constant internal power supply. Passive devices are cheaper and more compact than their active analogs, their lifetime is higher, and they can be applied in some applications, which are inappropriate for active tags, e.g. in medical implants. However passive devices have to receive the energy for operation from the outside through RF radiation -from reader or harvesting energy from the environment. For conversion this energy to power supply voltage of passive microdevice IC, voltage rectifiers are used. The purpose of this work is research of impact on output voltage by parameters of nanoscale diode-connected MOSFETs, which perform functions of rectifiers in the energy converters. The comparison of different voltage rectifier configurations was made based on Tanner EDA simulation results. The current-voltage characteristics of diode-connected MOSFETs were obtained for different CMOS technologies. The impact of transistor threshold voltage and its sizes on output voltage of single-stage multiplier for different technologies, input voltage amplitudes and load resistances was investigated. The results of the research can be useful in the design of wireless passive microdevices.
INTRODUCTION
Nowadays the devices with wireless supply are increasingly used in industry, commerce, logistics, construction as well as in everyday life. So Internet of Things technologies allow forming 'intellectual' nets of physical objects, interacting between each other through RF radiation, thanks to which the creation of diverse automated systems like smart home is possible [1] [2] [3] [4] [5] [6] . By means of Wireless Sensor Networks [1, 2, 4, [6] [7] [8] [9] one can in real-time mode monitor the state of various complex systems and objects, e.g. durability degree of a building or a bridge. In Radio-frequency Identification technology [4, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] miniature devices called tags or transponders are deployed. The tags are attached to different objects in production facilities, shopping centers and warehouses for implementation the automated identification and also used in access control systems. Thus in all of the above applications wireless micro devices are used. These micro devices exchanges data with the base station interacting with computer system resulting in automated identification, surveillance and management are carried out.
Compact wireless devices (radiofrequency tags, sensors and others) are divided into active and passive ones. Active tags [8, 16] are equipped by embedded power supply (battery) and passive ones [7-9, 12, 13] obtain energy for the operation through RF radiation from related to them base station (reader) or harvest energy from the environment [1-4, 6, 7, 9-11, 15] . Due to battery supplying, operating range of the active tags is higher than range of passive ones. However the active tags are significantly second to the passive tags in cost, weight and sizes. Moreover in some applications, e.g. in medical implants, applying of the passive tags is preferable since their lifetime is higher than the active analogues, in which it is limited by battery life.
Due to the passive tags obtain the energy for operation from outside, their input voltage amplitude reduces with increasing the distance between the tag and the reader resulting in the operation range of such devices is usually limited by some meters. However there are fields (e.g. large warehouses or production rooms) where low self-cost and small sizes, i.e. the advantages of passive microdevices, and at the same time the possibility of functioning at a considerable distance from base station are required. Furthermore in the case when the passive devices harvest energy for supplying from the outside (from radio-and TV-stations, cellular communication stations, Wi-Fi and Bluetooth devices) the input voltage amplitude can be low too. That's why the research and development of passive devices which able to work at very low input voltages is relevant challenge.
Currently for conversion the radiofrequency energy incoming to the passive microdevices to power supply voltage, the rectifiers based on nanoscale diode-connected MOSFETs [1, 3, 7, 9, [11] [12] [13] [14] or Schottky diodes [1, 2, 4, 6, 9, 10, 15] are applied. Because of Schottky diodes' low voltage drop at direct connection and high switching rate, the output voltage and conversion rate of rectifiers based on them are higher than in the case of rectifiers based on MOS transistors. However the manufacture of rectifiers based on Schottky diodes is more expensive since they are not compatible with conventional CMOS technologies.
RESEARCH OF ENERGY CONVERTERS
There are several configurations of the voltage rectifiers using in the passive tags. Figure 1 ,a shows the single-stage multiplier (doubler) circuit based on diode-connected nMOS transistors [1, 14] . In the case of ideal diodes and absence of capacitive losses, such circuit should double the value of input voltage but it does not occur in practice [17] . The circuit of the differential-drive bridge rectifier based on MOSFETs [9, 14] is shown in Figure 1 ,b. The circuit of the differential-drive gate cross-connected bridge rectifier [7, 9, 14] (Figure 1 ,c) was suggested for lowering power consumption determined by leakage currents and also for decreasing forward voltage drop compared to conventional bridge rectifier.
Figure1. Circuit diagrams of different voltage rectifier configurations based on nMOS transistors: a) singlestage voltage multiplier; b) bridge rectifier; c) gate cross-connected bridge rectifier
For comparison different rectifier configurations based on MOS transistors by output voltage level, the investigation of the transients taking place in described circuits during voltage rectification was conducted using Tanner EDA circuit simulation environment (T-Spice) [18] . BSIM4v4.8 model [19] considering physical features of nanoscale MOS transistors was used. Model parameters correspond to parameters of nMOS transistors with low leakage currents implemented by 90 nm CMOS technology [20] . The capacitance of capacitors in use was 500 fF and frequency of input sinusoidal signal was 2.45 GHz. The comparison of different rectifier configurations simulation results is shown in Figure 2 .
Figure2. Output voltage versus input voltage amplitude for different rectifier configurations: V1) single-stage voltage multiplier; V2) bridge rectifier; V3) gate cross-connected bridge rectifier
It can be seen from Figure 2 that the highest values of rectified voltage through whole range of input voltages is reached under using the single-stage voltage multiplier. Higher output voltages could be obtained by increasing number of rectifier stages.
The choice of gate cross-connected bridge rectifier circuit allows to increase the output voltage by 55% in subthreshold region (for input voltages less than 0.28 V) and by 18% in strong inversion and saturation regions with respect to conventional bridge rectifier output voltage values.
RESEARCH OF MOSFET PARAMETERS IMPACT ON THE OUTPUT VOLTAGE
The current flowing between drain and source in the diode-connected MOS transistor in the strong inversion region (over threshold voltage) is defined by expression [21] : (1) where µ -electron mobility, ε -SiO2 permittivity, ε0electric constant (vacuum permittivity), dgate oxide thickness, Wtransistor channel width, Ltransistor channel length, Vddiodeconnected transistor voltage, Vth -threshold voltage, λchannel length modulation parameter.
The subthreshold current of the diode-connected MOS transistor is defined by expression [21, 22] :
Where nslope parameter of current-versus-voltage transistor characteristic in subthreshold region (weak inversion region) [19] , φTthermal potential. Figure 3 shows current-versus-voltage characteristics of nanoscale diode-connected MOSFETs implemented using different technologies. Characteristics were plotted using Tanner EDA program with model BSIM4 parameters from [20] . It can be seen from Figure 3 that the values of forward and reverse currents of diode-connected transistor in deep subthreshold region (Vd < 0.05 V) are comparable in order of magnitude, which reduces the diode rectifying ability and has a negative impact on charge-discharge processes of capacitors in voltage rectifiers.
Figure3. Current-versus-voltage characteristics of the diode-connected MOS transistors implemented using 90 nm, 65 nm and 45 nm technologies: a) linear scale; b) semi-logarithmic scale
Among the parameters in expressions (1) and (2), the most interesting ones for design engineers are threshold voltage Vth and transistor sizes (relation W/L). The threshold voltage of nanoscale MOS devices can be written as [20] :
(3) where VTH0long-channel threshold voltage at Vbs = 0 V, Vbsbulk-source potential, K1 and K2 first-and the second-order body bias coefficient respectively, Φs -surface potential, ΔVSCEthe short channel effect on Vth, ΔVNULDthe non-uniform lateral doping effect on Vth, ΔVDIBLthe drain-induced barrier lowering effect (DIBL) on Vth [19, 22] . At technology development parameter VTH0 is determinant. The degree of threshold voltage VTH0 impact on output voltage level Vout of the single-stage voltage multiplier (Figure 1,a) for 90 nm and 65 nm CMOS technologies with various values of load resistances R and input voltage amplitudes Vin was investigated using Tanner EDA. The simulation results are shown in Figure 4 . It is seen from Figure 4 that at certain values of VTH0 there are maximums of the output voltages. For 90 nm technology standard value of threshold voltage is VTH0 = 0.28 V, for 65 nm technology -VTH0 = 0.2 V. For load resistance R = 1 GΩ, the optimum is VTH0 = 0.18 V for 90 nm technology and VTH0 = 0.2 V for 65 nm. At load current rising (load resistance lowering) optimum value VTH0 is shifted to the domain of lower values. At R = 10 MΩ, for 90 nm the optimum is VTH0 = 0.1 V and for 65 nm VTH0 = 0.12 V. Additionally one can notice significant decreasing of the output voltage with growth of VTH0 with respect to the optimum value while reduction of VTH0 leads to more smooth voltage variation, which is proved by the analysis of equations (1) -(3).
The MOS transistor sizes (relation of channel width W to its length L) impact on the output voltage level of the single-stage multiplier was investigated. The simulation results obtained with Tanner EDA for different technologies, various load resistances and input voltages amplitudes are shown on Figure 5 . It is seen from Figure 5 that for 90 nm technology the increasing of W/L relation leads to rising of the output voltage level since with growth of W the forward currents of diodes, which charge the capacitors, are also increasing. Deceleration and the following ending of the output voltage growth can be explained by the fact that at the cost of enlarging transistors p-n junctions' area at certain value W/L the diode reverse currents, which discharge the capacitors, become comparable in order of magnitude with forward currents. With increasing of W/L the capacitances of transistors' p-n junctions also increase as well as related with them capacitive losses. For 65 nm technology and high load resistances the reverse currents and p-n junctions' capacitances have considerable impact already at rather small W/L resulting in the output voltage level decreases with increasing of transistor sizes.
Results obtained (see Figures 2, 4, 5) show the possibility of multipliers operation in transistor subthreshold region when in the charge storage cycle the storage capacitor is charging by small currents during long time and then in the operating cycle the stored charge is used for microcircuit power supplying [22] [23] [24] . Such protocol allows to ensure the possibility of operation at low input voltages and meets requirement of functioning the passive wireless microdevices at considerable distances from the base station or in the case of harvesting energy from the environment [24] .
CONCLUSION
The research of different configurations of energy converters which find application in the passive wireless devices has been conducted in this paper. It was determined that among the reviewed configurations of base cells based on nanoscale MOS transistors the highest performance is provided be single-stage voltage multiplier. The increasing of the output voltage can be attained by adding the multiplier stages. For this configuration the impact of threshold voltage and sizes of transistor on the output voltage with respect to various load resistances, input voltage amplitudes and using technology was investigated. The results of the work could be useful for developers of passive wireless microdevices, e.g. RFID tags.
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